Several genes have been cloned from methanogenic archaebacteria by their ability to complement auxotrophic mutations in Escherichia coli (1, 4, 12, 18, 22, 27, 29) . One of the first genes cloned from Methanosarcina barkeri MS was shown to complement mutations in the argG locus of E. coli and was therefore designated as the argG gene of Methanosarcina barkeri MS (12) . Subsequently this cloned fragment of the Methanosarcina barkeri MS genome was found also to complement mutations in the argA gene in Bacillus subtilis (18) . The argG gene of E. coli and the argA gene of B. subtilis both encode argininosuccinate synthetases, enzymes which catalyze the penultimate step in arginine biosynthesis (5) . Although argininosuccinate synthetase-encoding genes have been cloned from E. coli (20) , Streptomyces cattleya (S. L. Streicher, Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, H171, p. 134), Neurospora crassa, Saccharomyces cerevisiae (7) , Methanococcus voltae (29) , and humans (2), only a cDNA synthesized from a transcript of the functional human gene and several human pseudogenes have been sequenced (2, 9, 10). We determined the nucleotide sequence of the Methanosarcina barkeri MS argG gene and, for comparison, cloned and sequenced an argG-complementing fragment of DNA from a second but only very distantly related methanogen, namely, Methanococcus vannielii (14) . In this report, we provide the nucleotide sequences of the two methanogen-derived argininosuccinate synthetase-encoding genes and compare them with the sequence of the human gene. Sequencing DNA upstream of the Methanosarcina barkeri MS argG gene revealed the presence of a gene (designated carB) which appears to encode the large subunit of carbamyl phosphate synthetase Bacteria and plasmids. The strains and plasmids used in this study are listed in Table 1 . Plasmid pET821 was constructed by ligation of PstI-HindIII-digested genomic DNA from Methanococcus vannielii to PstI-HindIII-digested pUC8 (26) . The ligation mixture was used to transform E. coli JA221, and ampicillin-resistant transformants were selected. Plasmids isolated from this population of transformants were used to transform E. coli X760, and transformants were selected which could grow on M9-supplemented glucoseminimal salts medium lacking arginine but containing ampicillin. One such transformant contained plasmid pET821, in which a 7-kilobase-pair (kbp) PstI-HindIII fragment of the Methanococcus vannielii genome had been cloned into pUC8. Subcloning demonstrated that the arginine-complementing activity was encoded by DNA adjacent to the PstI site; this region of pET821 was therefore sequenced (Fig.  1B) .
Construction of pET371, which contains a 3.1-kb Hindlll fragment of the Methanosarcina barkeri MS genome cloned in the HindIII site in pBR322 (Fig. 1A) , was described by Hamilton and Reeve (12) . Subcloning of this HindIII fragment has been previously described (18) , and its sequence is shown in Fig. 2 .
Media and general procedures. Methanogens were grown as previously described by Hook et al. (13) . Media and Gilbert (17) . Sequencing strategies are available upon Fig. 1A and B are presented as Fig. 2 and 3 . Although the request.
two argG genes are clearly derived from a previously homologous, common ancestral sequence ( Fig. 2-4 ; Table  RESULTS 2), the upstream ORFs do not appear to be related. Cloning, sequencing, and comparison of methanogen argG
The argG genes of Methanococcus vannielii and Methagenes. The regions of DNA cloned and sequenced from the nosarcina barkeri MS encode polypeptides containing 397 genomes of Methanosarcina barkeri MS and Methanoand 396 amino acid residues, respectively, which, when coccus vannielii are shown in Fig. 1A and B, respectively. In aligned as shown in Fig. 4 , are 50% identical in their amino both cases, the argG-complementing open-reading frame acid sequences and 38% identical to the amino acid sequence (ORF) cloned from the methanogen (designated as the methof human argininosuccinate synthetase, as predicted from anogen argG gene) is downstream from a truncated ORF. the cDNA sequence (2) ( (12) and sequenced as shown in Fig. 2 (Fig. 1A) . Dots above and below the DNA sequence indicate translation initiation and termination codons.
the polypeptide-encoding region (9) , are shown in Fig. 4 . Regions of the methanogen argG genes which are conserved in the human gene are clearly separated by introns in the human genome. Intron 9, for example, is located between bases 1 and 2 of a glycine-encoding codon (GGG) in an amino acid sequence (gly-val-pro-val) which is conserved in all three gene products (Fig. 4) .
Intergenic regions. The intergenic regions preceding the argG genes of Methanococcus vannielii and Methanosarcina barkeri MS are 126 and 389 base pairs (bp) long, respectively. Both contain a sequence which could function, in mRNA, as a ribosome-binding sequence (RBS) immediately 5' to the ATG translation initiation codons of the argG genes ( Fig. 2 and 3 ). Intergenic regions in methanogens frequently contain multiple copies of both direct and inverted repeat sequences (3, 4, 22, 27) , and this is also the case in the intergenic regions preceding the argG genes. In Methanosarcina barkeri MS, there are six tandem copies of a 14-bp direct repeat immediately 3' to the upstream ORF, Fig. 2 . The putative promoter TATA box (3, 24, 25, 28) and RBS preceding the argG gene are indicated by asterisks. Encoded amino acids are designated by the single-letter code directly below the second base of the encoding codon. The sequence is numbered from 0, starting at the PstI site within ORF222 (Fig. 1B) . Fig. 1A and 2) . Oligonucleotides synthesized with these 14-and 29-base sequences were used in Southern hybridization experiments as probes against different restriction enzyme digests of genomic DNAs from Methanosarcina barkeri MS and a related strain, Methano- Fig. 4 . As a comparison, the hisI gene product of Methanococcus vannielii was found to have an amino acid sequence 32, 36, and 27% identical to the functionally equivalent enzymes in E. coli, S. cerevisiae, and Neurospora crassa, respectively (1). There are no other published sequences of amino acid biosynthetic genes from Methanosarcina barkeri.
29-bp direct repeat (
b Amino acids with similar charge, polarity, hydrophobicity, and approximate size are considered as conserved.
c The human cDNA sequence (2) was used in the comparison. sarcina barkeri 227. The sequences were found to be present in both strains, adjacent and at only one location in their genomes. Although Methanosarcina barkeri MS and 227 have diverged to the extent that the restriction fragments which contained the 14-and 29-base sequences were of different sizes in genomic digests from the two strains, the repetitive sequences themselves have been retained, indicating that they have an important function. There is no obvious potential for transcripts of the intergenic region upstream of the argG genes in Methanosarcina barkeri MS or Methanococcus vannielii to form an attenuator nor are there sequences related to the E. coli arg box (5). Immediately 3' to the ORF222 in Methanococcus vannielii are two tandem copies of a 15-bp direct repeat (Fig. 1B and 3 ) which could also be interpreted as an inverted repeat. A transcript of this region could form a transcription-terminating hairpin loop structure. Downstream of both argG genes ( Fig. 2 and 3) are G+C-rich inverted repeats which also resemble sequences known to function as transcription termination signals in methanogens (19) . The 107-bp sequenced from Methanococcus vannielii and the 344 bp sequenced from Methanosarcina barkeri MS 3' to the argG genes show no evidence of additional ORFs.
Upstream genes. The DNA sequenced upstream of the argG genes contains, in both methanogens, a truncated ORF ( Fig. 1) . A computer search of available sequences failed to identify any sequence related to ORF222 of Methanococcus vannielii but indicated that the ORF upstream of the argG in Methanosarcina barkeri MS most likely encodes a subunit of carbamyl phosphate synthetase. The encoded polypeptide has a sequence of 398 amino acid residues which is 45 and 31% identical to the amino acid sequences at the carboxyl termini of the large subunits of the carbamyl phosphate synthetases encoded by the carB gene in E. coli (21) and the cpa2 gene in S. cerevisiae (15) , respectively. The ORF in Methanosarcina barkeri MS has therefore been designated carB ( Fig. 1A and 2 ). For comparison, the carbamyl phosphate synthetases encoded by the carB gene of E. coli and the cpa2 gene of S. cerevisiae contain 30% identical amino acid residues. (C. J. Morris, Ph.D. thesis, Ohio State University, Columbus, 1987).
DISCUSSION
The conservation observed in the sequences of the methanogen argG genes and the human cDNA that encodes argininosuccinate synthetase supports the conclusion that these archaebacterial genes encode polypeptides with argininosucciiate synthetase activities. This is the first demonstration of conservation of a polypeptide-encoding sequence in archaebacteria and in a higher eucaryote and indicates that human and archaebacterial genes can have evolved from a common ancestral sequence. The presence of introns in the human chromosomal gene and their absence in the archaebacterial genes allows the alternative hypotheses proposed to explain the loss or gain of introns during the evolutionary divergence of eucaryotic and eubacterial genes (6, 11, 23) also to be applied to the evolution of polypeptide-encoding genes in archaebacteria.
Since the cloned argG genes of Methanosarcina barkeri MS and Methanococcus vannielii are functionally expressed in both E. coli and B. subtilis (18; Morris, Ph.D. thesis), they must be transcribed and the resulting mRNAs must be translated within these eubacterial cells. There are several sequences 5' to the argG genes which are sufficiently similar to the consensus promoter sequences of E. coli and B. subtilis that it is likely that one or more of these function fortuitously as promoters in eubacteria. This assumption is supported by the observation that complementation occurs with the methanogen DNAs cloned in either orientation with respect to the vector DNA. Translation initiation requires an RBS in eubacteria, and both methanogen-derived argG genes are preceded by sequences which, if transcribed, could function as RBSs in E. coli and B. subtilis.
Recent publications demonstrate that Methanococcus vannielii-derived RNA polymerase binds to extended TATA sequences 18 to 19 bp 5' to a consensus of 5' TGC at which transcription initiation occurs (3, 24, 25, 28) . A very similar sequence, 5' ATATA-16 bp-TGA, occurs in the intergenic region between ORF222 and the argG gene in Methanococcus vannielii, suggesting that transcription of argG in Methanococcus vannielii is initiated at this site. The lack of studies with RNA polymerase from Methanosarcina barkeri MS and the complexity of the intergenic region upstream of the Methanosarcina barkeri MS argG gene ( Fig. 1A and 2 ) make predictions for specific regulatory functions for sequences within this region too speculative to be of value. The length of this intergenic region (389 bp) suggests that transcription initiation probably does occur within this region, although the probable identity of the upstream gene as carB, a gene whose product is also involved in arginine biosynthesis (5) , might jndicate an arginine operon. This is, in fact, the first example in archaebacteria of physical linkage of genes which encode enzymes involved in the same amino acid biosynthetic pathway. Since the ORF222 upstream of the argG gene in Methanococcus vannielii is not related to the carB gene of Methanosarcina barkeri MS, whatever function the linkage of the carB and argG genes might have in Methanosarcina barkeri MS has apparently been lost or changed during the evolutionary divergence of the two methanogens.
